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Abstract - The single event transients (SETs) are a common
source of malfunction in nano-scale CMOS integrated circuits.
For this reason, evaluation of the SET effects and application of
appropriate measures for their mitigation are fundamental tasks in
the design of advanced radiation hardened integrated circuits. In
general, SET analysis is based on the multi-scale modeling and
simulation approach comprising four main phases: modeling and
simulation of radiation-matter interactions, device-level modeling
and simulation, circuit-level modeling and simulation and logic-
level modeling and simulation. In order to reduce the time and
cost of the evaluation and design processes, a lot of effort is
invested into the development of appropriate models which could
provide accurate SET simulations at the circuit level. The circuit-
level simulations provide a good trade-off between the complexity
and speed of simulations, and at the same time ensure very good
accuracy. This paper reviews the approaches for modeling and
simulation of SET effects at the circuit level, emphasizing the
major advantages and disadvantages of each approach.

|. INTRODUCTION

Performance of modern CMOS integrated circuits
may be severely degraded under radiation exposure. With
continuous downscaling of transistor sizes and supply
voltage, the sensitivity to single event transients (SETs) has
become a major reliability issue for nano-scale CMOS
integrated circuits intended for operation under radiation
exposure [1 —4]. A SET is induced when a highly energetic
particle, such as a proton, neutron, alpha particle or heavy
ion, interacts with the sensitive volume within the target
circuit. In general, SETs may occur as a result of cosmic
radiation, but also due to radiation originating from sources
used in nuclear reactors, scientific research facilities,
medical therapy installations, chip packages, etc.

A SET is manifested as the pulsed current flowing
through the target node. As a result of the induced pulsed
current, a temporary disturbance of the voltage level, i.e. a
SET voltage pulse, occurs across the target circuit node [5
- 9]. SET voltage pulses occur in combinational logic, and
they pose a threat only if captured by a sequential element
(e.g. flip-flop or SRAM). If a SET voltage pulse propagates
through the combinational logic and is eventually lathed by
a sequential unit, it will be transformed into Single Event
Upset (SEU), resulting in data corruption and subsequent
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malfunction of the circuit or complete system. Thus, the
characterization of the SET effects is a major requirement
in the design of fault-tolerant circuits and systems.

Generally, the evaluation of the circuit's sensitivity to
SETs can be performed either by the computer-aided multi-
scale modeling and simulations or through the controlled
irradiation experiments. As the irradiation experiments are
very expensive, modeling and simulation is employed as
the primary approach, while final evaluation is conducted
experimentally. The modeling and simulation methodolo-
gies for SET characterization typically comprise four main
phases [10, 11]: (1) modeling and simulation of the charge
deposition during the radiation-matter interactions (Monte
Carlo simulations), (2) modeling and simulation of the SET
response of a single transistor (TCAD simulations), (3)
modeling and simulation of the SET-induced electrical
response of a target logic gate or a circuit (SPICE simula-
tions), and (4) modeling and simulation of the SET-induced
logic response (HDL simulations).

Applying the multi-scale modeling and simulation
approach for each design would be very time-consuming.
In that regard, a lot of effort is devoted to the development
of accurate and time-efficient modeling and simulation
methodologies. One approach is based on the mixed-mode
simulations which combine TCAD and SPICE simulations.
However, although it provides good accuracy, the mixed-
mode approach is still not sufficiently fast due to TCAD
simulations which are computationally expensive. Thus, a
lot of effort is devoted to the improvement of the circuit-
level SET evaluation methodologies. Since they provide
very good accuracy and high execution speed, the circuit-
level SET modeling and simulation techniques are widely
considered as the optimal methodology for efficient SET
effects characterization.

The circuit-level modeling and simulation of SETS is
usually based on implementing the pulsed current sources
within the target circuit to model the SET-induced charge
deposition and collection [10, 11]. By injecting the current
pulse into the nodes of a target circuit, the generation and
propagation of SET voltage pulse can be studied and the
critical charge (minimum charge necessary to cause a SET)
can be estimated. Besides a wide range of current injection
models, alternative SET models with improved accuracy
are investigated. However, while all existing approaches
have certain advantages, they also suffer from inherent dis-
advantages. It is therefore necessary to evaluate thoroughly
each SET modeling and simulation approach in order to



choose the most suitable one for characterizing the SET
robustness of a particular design.

Although different circuit-level SET modeling and
simulation approaches have been proposed in literature,
there are no detailed reports on their comparative analysis.
A review of the most popular circuit-level SET modeling
and simulation methodologies has been published in [12].
However, the analysis in [12] does not cover all available
SET modeling and simulation techniques. In that sense, the
contribution of this paper will be to provide a detailed
review of the existing circuit-level SET modeling and
simulation methodologies, particularly addressing their key
advantages and disadvantages.

The rest of the paper is organized as follows. Section
Il describes the fundamental mechanisms underlying the
SET effects. Section Il presents the classification of the
circuit-level SET modeling and simulation approaches. In
Sections IV — VIII are discussed the key features of the
existing SET modeling and simulation approaches. The
comparative analysis of the SET modeling and simulation
approaches, emphasizing their most important advantages
and disadvantages, is outlined in Section IX.

1. FUNDAMENTAL MECHANISMS OF SETS

Understanding the physical mechanisms underlying
the SET effects is crucial for accurate modeling and simu-
lation of the SET-induced response of integrated circuits.
In modern CMOS integrated circuits, the depletion layers
across the reverse biased p-n junctions within the NMOS or
PMOS transistors are mostly sensitive to ionizing particle
strikes [5, 6]. The passage of a high energy particle through
the target device results in the deposition of the charge
along the particle’s track. While some of the induced
charge will recombine, the electric field across the reverse
biased p-n junction will collect the rest of the deposited
charge through three main charge collections mechanisms:
drift (prompt) collection, funneling collection and diffusion
collection [7], as depicted in Figure 1. Besides, the particle
strike may trigger the parasitic bipolar structure in CMOS
logic, resulting in enhanced charge collection [7].
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Figure 1. SET mechanisms in CMOS technology

In principle, for CMOS technology which is com-
monly used in the design of modern integrated circuits, the
off transistors (NMOS or PMOS) are mostly sensitive to
particle strikes. The state of the transistors is determined by
the input logic level: low input level implies that NMOS is
off and PMOS is on, while for high input level NMOS is on
and PMOS is off. In Figure 2 is illustrated the SET effect in
a CMOS inverter with low input level. When the particle
strikes the off NMOS transistor, the induced charge is
collected by the electric field and transformed into SET
current pulse lse. As a result of the current flow, the out-
put voltage level will be changed. Consequently, the PMOS
transistor will act as a restoring element, providing the
drive current Iprive to dissipate the SET current lser. In
addition, the load gate will provide additional current I oap
to counteract the SET-induced current.
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Figure 2. SET-induced response of an inverter

The SET-induced current is a pulsed current with
typical duration ranging from dozens of ps up to a fraction
of ns, and with amplitude from several pA up to several
mA. The amplitude and duration of the SET current pulse
depends on the charge collection process. When the charge
is induced mainly within the depletion layer, the drift and
funneling processes will be the dominant charge collection
mechanisms, and the induced current pulse will be very
short. This occurs when the particle passes directly through
the drain of an off transistor. Otherwise, if the charge is
induced outside the depletion layer, i.e. when the particle
strike occurs outside the drain region, the charge collection
will primarily be accomplished through the diffusion
process. As a result of diffusion collection, the current
pulse will be longer because the diffusion collection is
slower process than the drift collection.

As a consequence of the current flow through the
circuit, the voltage level across the struck node (at the
output of target logic gate or circuit) will be deformed. The
SET-induced deformation of the voltage level is manifested
as a pulse. If the logic state at the output of target gate in
normal operation is 0, the SET will induce a positive (0-to-
1) pulse. On the other hand, for logic 1 in normal operation
the SET will induce a negative (1-to-0) pulse, as illustrated
in Figure 2. If the amplitude of the SET voltage pulse
swings beyond the threshold level, i.e. beyond the half of
supply voltage, the logic level at the output of the target



gate will be altered. Moreover, if the duration of the initial
SET voltage pulse is sufficient (larger than the propagation
delay of subsequent gates), it may be capable to propagate
through the subsequent combinational gates.

As the SET voltage pulse propagates through a com-
binational chain, its shape may be altered due to electrical
and/or logical masking of the subsequent gates [9]. In
general, the SET voltage pulse can propagate with or with-
out attenuation, or can be completely filtered. If the SET
voltage pulse arrives at the input of a sequential element
within the latching window, it will be latched into the sequ-
ential element, resulting in a soft error (SEU).

The shape of the SET-induced current pulse and the
resulting SET voltage pulse is defined by numerous techno-
logical, design, operating and irradiation parameters. The
most important factors influencing the SET-induced circuit
response are [13 — 16]: irradiation factors (particle energy,
direction and location of particle strike), technological
factors (doping profiles, carrier lifetime), design factors
(transistor size, load capacitance), operating factors (supply
voltage, temperature).

With technology downscaling, new physical mecha-
nisms associated with SETs occur, imposing the need for
advanced simulation methodologies. An example is the
charge sharing effect, which occurs in highly scaled (< 130
nm) technologies. The charge sharing occurs when the
passage of a high energy particle results in the charge
deposition within two or more transistors, consequently
leading to the creation of two separate SET pulses, and
possibly resulting in multiple SEUs [8].

Therefore, modeling and simulation of SET effects
requires very careful consideration of the impact of all
contributing factors in order to predict accurately the
response of the target circuit, and accordingly improve the
design to achieve sufficient radiation hardness.

I11. CLASSIFICATION OF SET MODELING AND
SIMULATION APPROACHES

A typical approach for simulating the SET effects on
the circuit (transistor) level is by injecting a current pulse in
the target node of the circuit. Such analysis is conducted
with SPICE-based simulators. Basically, two concepts of
modeling the SET-induced current are widely used:

(1) Macro-modeling: current source is implemented as
a stand-alone module connected between the output of
target gate and the ground, as illustrated in Figure 3.

(2) Micro-modeling: current source is implemented
within the target transistor, as illustrated in Figure 4.

In general, the macro-modeling concept is more
popular because it is easier for implementation in circuit
simulators. On the other hand, the micro-model should be
integrated in the target transistor, which requires the
modification of the predefined transistor model. Thus, the
micro-modeling concept may be applied for SET simu-
lation only when the transistor models are available.

In principle, the same current model may be used for
simulating the particle hits in both PMOS and NMOS
transistors, and the only difference will be in the direction
of the current flow.
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Numerous models for the SET-induced current have
been proposed, and they can be classified into six major
groups:

(1) Models based on single voltage-independent cur-
rent sources.

(2) Models based on voltage-dependent current sour-
ces.

(3) Models based on two voltage-independent current
sources.

(4) Models based on piecewise interpolation.

(5) Models based on look-up table.

(6) An alternative approach to the current injection
models (1) — (5) employs a switch and a series
resistor to reproduce the SET response.

All existing modeling and simulation approaches have
advantages but also certain drawbacks. It is therefore
necessary to consider carefully the key features of each
modeling and simulation approach and determine to what
extent it could be applicable for evaluating a particular
design. In that regard, the following discussion analyzes the
benefits and shortcomings of the common SET modeling
and simulation approaches, providing useful guidelines for
the selection of a suitable approach for a particular design.



1VV. MODELS BASED ON SINGLE VOLTAGE
INDEPENDENT CURRENT SOURCE

SET models based on voltage-independent current
sources are implemented as macro-models, i.e. as stand-
alone current sources connected between the target node
and the ground terminal. The most common models are
described in the following discussion.

A. Double-Exponential Current Model

The double-exponential current pulse, illustrated in
Figure 5, is the most widely used model for simulating the
SET-induced current. It was proposed by Messenger and
can be expressed by the relation [17]:
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In relation (1), QcoLL denotes the collected charge,
represents the collection time constant of the junction, and
7r IS the ion-track establishment time constant. Generally, z
defines the fall time of the current pulse, while z; defines
the rise time.

The timing constants z and 7 are technology-related.
According to [18], the time constant z: can be expressed by
the relation,
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where k is the Boltzmann constant, & is the permittivity of
vacuum, e is relative permittivity of silicon, q is the
electron charge, u is the electron mobility, and Np is the
donor density. There is no a straightforward equation to
determine the value of 7, but it is generally expressed in
terms of . Several different relations have been proposed
in literature. For example, 7z = 4xz; in [18], and z; = 4.6xz;
in [19]. In general, the value of 7 is in the range from
several ps to tens of ps, while the value of z:is in the range
from tens of ps to hundreds of ps.
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Figure 5. Typical double-exponential current waveform

B. Freeman’s Current Model

An alternative exponential model was proposed by
Freeman [20]. Freeman’s model defines the SET current in
terms of the total collected charge QcoL and a single
technology-related timing parameter z, and it can be
expressed as [20],
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This model has been used for estimating the critical
charge of a bipolar memory cell [20], but it can also be
utilized for characterization of other logic blocks.

C. Hu’s Current Model

Hu [21] derived a model considering the drift and
funneling effects, the depletion layer width W and the angle
of particle incidence 6, with instantaneous rise-time and
fall-time governed by the cosh? function,
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In comparison to other voltage-independent current
models, Hu’s model is the only model which considers the
impact of the angle of incidence. However, the potential
drawback of this model is that it requires the knowledge of
the depletion layer width, which is technology-related and
usually not available to the circuit designer.

D. Diffusion Current Model

Diffusion model defines the SET current in terms of
pulse amplitude Inax and time tmax required to reach the
amplitude of the current pulse, and it can be expressed by
the relation [22],

Isgr (6) = Ing(tmax/®)*" (e73tmas/2t)  (5)

Diffusion model is useful for simulating the long SET
pulses which result from the diffusion collection process,
i.e. when the ionizing particle does not cross directly
through the drain. It is particularly suitable for modeling
the neutron-induced strikes [12].

E. Roche’s Current Model

Roche [23] has proposed an exponential current model
consisting of two parameters, amplitude I, and decay time
constant t,

Lpr(t) =1~ e™* (6)

The amplitude o is dependent on the electric field
intensity within the target device and LET value of the
incident particle [24]. This model has lower accuracy in



estimating the critical charge compared to the double
exponential, Freeman and diffusion models [24].

F. Rectangular Current Model

The rectangular pulse current model is defined by two
parameters: amplitude Iave and pulse duration T, with zero
rising and fall time constants (in practice the rise and fall
time constants of several ps are used) [25].

T, <t<T,
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Although this model ignores the most important
physical effects of SETSs, it may be useful for estimating
the circuit's response to SETs when the physical aspects are
not a primary concern. With only two parameters, the
rectangular current model is very easy for application in
circuit simulations, and it is a suitable choice for initial
evaluation of the SET sensitivity. Two common modifi-
cations of the rectangular model are: (1) trapezoidal current
model which is essentially the rectangular pulse model with
realistic values for rising and falling edges (at least 10 ps),
and (2) triangular current model.

IV. MODELS BASED ON VOLTAGE-DEPENDENT
CURRENT SOURCES

The main drawback of the voltage-independent SET
current models is that they consider the charge collection in
a p-n junction with constant bias and without load [26]. In
reality the voltage across the p-n junction is not constant
during the particle strike, but it varies and is dependent on
the induced current. If the impact of load and the relation
between the injected current and the node voltage are not
considered, the total collected charge and the shape of both
the SET current pulse and the resulting SET voltage pulse
will not be determined accurately. Namely, in the circuit-
level SET simulations employing the independent current
models, the voltage across the struck node will go beyond
the power supply rails for high levels of injected current,
which is physically impossible. This phenomenon is known
as the voltage override effect.

Numerous reports have confirmed that the SET cur-
rent waveforms obtained from TCAD simulations do not
suffer from the voltage override effect. This is illustrated in
Figure 6 which compares the SET voltage pulse obtained
with double-exponential current model and with TCAD
simulations [26]. The TCAD simulations employ complex
models which take into account the effect of both voltage
variation and loading. Thus, the current shapes from TCAD
simulations are usually used for calibrating the circuit-level
current models. The typical current shapes from TCAD
simulations are shown in Figure 7 [26]. It can be seen that
the shape of the SET-induced current pulse is double-
exponential for low LET values, but deviates from the
double-exponential shape at higher LET values (e.g. for

LET > 10 MeV-cm?mg). The induced current pulse has a
short high-amplitude current peak followed by a longer
plateau region. The amplitude of the plateau region
depends on the drive current of the restoring transistor [27],
while the duration of the plateau is related to the LET of
the incident particle.
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Figure 7. SET current pulses from TCAD simulations [26]

Various models taking into account the dependence of
the node voltage on the SET-induced current have been
reported in literature [26 — 40]. The following discussion
presents the most common voltage-dependent SET current
models. In general, the voltage-dependent models can be
applied either as macro-models (stand-alone components
connected between the target node and ground), or as
micro-models integrated within the transistor.

Kauppila et al. [26] introduced a compact voltage-
dependent SET current model, as illustrated in Figure 8.
This model is described by a set of equations [26] and it is
composed of a capacitor Cs, one independent current
source Isgc and two voltage-dependent current sources
Grec and Gsee. The capacitor Cs stores the charge which is
equivalent to the SET-induced charge, and its value can be
chosen arbitrarily. The independent current source lIsgc is
basically the standard double-exponential current source
[26]. Two voltage-dependent current sources account for
the recombination process and the variation of node voltage
due to induced charge.



The model proposed in [26] has been initially deve-
loped as a micro-model that can be integrated in the
standard transistor models. To validate the approach, the
model has been integrated within the BSIM4 and Mextram
transistor models for CMOS and HBT transistors in 90 nm
CMOS technology. Additionally, the model has been
constructed as a Verilog-A module which can be imple-
mented in circuit simulators as a stand-alone current source
like the standard voltage-independent models. The current
pulse shapes reproduced with this model for 90 nm CMOS
technology are in very good agreement with the 3D mixed-
mode simulation results [26].

Using the current model proposed by Kauppila et al.
enables to accurately characterize the SET-induced current,
particularly the plateau observed for high LET values. In
addition, the model can account for the parasitic bipolar
effect, which is one of its key advantages. However, there
are no any reports on the applicability of the model to more
scaled technologies. In addition, it is not easy to apply this
model as a micro-model since that requires the modifica-
tion of the transistor models which are not always readily
available. However, the possibility to apply the model as a
stand-alone current source in standard SPICE simulations
provides a very good opportunity to adopt the model to
different technologies.
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Figure 8. Model proposed by Kaupilla et al. [26]

Clark et al. [28] proposed a voltage-dependent current
model based on conventional double-exponential current
model. The model is applied in the target circuit as a stand-
alone current source, and it is described with a modified
double-exponential relation,

_t _t
Lsgr(t) = k(Vyope — Vsus) <e noe Tl) (8)

where Vyope denotes the voltage across the target node
which varies in accordance with the injected current, Vsus
is the substrate voltage which is defined by the supply
voltage, and k is technology-related parameter. The value
of k is defined by the relation k = guN/Ls;, where q is the
electron charge, u is the average mobility of carriers in
silicon, N is the number of electron-hole pairs generated
per unit length, and L; is the funnel length.

Although the model proposed by Clark et al. takes
into account the effect of voltage bias on the amplitude of
the SET-induced current, it neglects the fact that the
duration of the current pulse also depends on the node
voltage [29]. As a consequence of this simplification, the

duration of the SET voltage pulse at the output of a target
circuit cannot be predicted accurately.

To resolve the drawbacks of the current model defined
in [28], Hellebrand et al. proposed a refined current model
implemented as a stand-alone current source in Verilog-A
[29]. The model is defined by an integral equation,

1 t
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In relation (9), G = 1/(Rt + Rs), where Ry is the
resistance of charge track and Rs is the substrate resistance.
C(t) and U(t) denote the capacitance and voltage of the
node, respectively. The model proposed in [29] considers
only the drift collection during the particle strike, while
neglecting the diffusion collection. Therefore, it cannot
accurately predict the SETs occurring when the particle
does not pass directly through the drain.

Alvarado et al. [30] proposed a physics-based voltage-
dependent macro-model implemented in Verilog-A, as
illustrated in Figure 9. The model has been derived for PD
SOI technology, and is based on the use of an internal
transistor’s node called floating body contact P. The SET
current is modelled with the drift-diffusion expression, and
is implemented as a voltage-dependent source connected
between the floating body contact and the substrate. The
fact that the access to an internal node is required may be a
limitation in practical uses. In addition, there is no evidence
of the applicability to standard bulk CMOS technologies.
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Figure 9. Model proposed by Alvarado et al. [30]

Privat et al. [31] reported a SET current macro-model
implemented in Verilog-A, as illustrated in Figure 10. The
model is based on multiple dependent current sources, and
a capacitor which stores the total collected charge obtained
from TCAD simulations. The current sources are described
with the Weibull’s function. The rationale for using the
Weibull function was justified by the fact that the current
model should have characteristics that allow simulator
convergence, and that can be achieved with the Weibull
function. The major advantages of this model are that it is
fairly simple, can be used as a stand-alone device in circuit
simulations, and provides the accuracy comparable to
TCAD simulations. However, the model requires extensive
calibration with TCAD simulations for different design and
operating settings.
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Mavis et al. proposed an equivalent circuit model
(ECM) [32], capable of reproducing the realistic SET
current pulse with the plateau effect. The model is based on
a series of dependent current and voltage sources connected
as stand-alone modules between the target node and ground
or power supply rails. Application of the ECM model in
circuit simulators is straightforward since it is constructed
with the standard SPICE components. Evaluation on 180
nm technology has confirmed very good agreement with
the results from 3D simulations [32]. However, one of the
key drawbacks of this model is that extensive simulations
are required to calibrate the current and voltage sources for
every new technology.

Fulkerson et al. have developed a physics-based SET
current model [33]. In this model, the ion-struck device is
expressed spatially as a mathematical model in which the
charge cloud generated by the SET strike is defined by a
delta function with magnitude equal to the deposited
charge. Using this mathematical representation, the carrier
transport (drift and diffusion) equations are solved through
Fourier analysis. The obtained solutions are valid for low
injection n-type and p-type devices. High-injection solu-
tions are then obtained by solving the same transport
expressions numerically. This model can be incorporated in
commercial circuit simulator along with the existing SPICE
models of BJT which makes possible the inclusion of
parasitic BJT effect in circuit simulations. Though physics-
based, the model equations are not a function of the drain
bias, which means it can be used only as an independent
current source.

V. MODELS BASED ON DUAL VOLTAGE-
INDEPENDENT CURRENT SOURCES

To resolve the inherent drawbacks of the models with
single independent current sources, and provide simpler
alternative to the voltage-dependent models, two different
approaches using two double-exponential current sources
have been proposed [34, 35].

A model utilizing two standard double exponential
current sources connected in parallel between the output of
target gate and ground, as illustrated in Figure 11, has been
proposed by Black et al. [34]. One current source has high

amplitude and short duration, while the other has lower
amplitude and long duration. Thus, by connecting these
two current sources in parallel, the resulting current will be
the current pulse with the plateau region as observed in
TCAD simulations. The two current sources are defined by
one current parameter and three time parameters. The
parameters of the current pulses are determined from
TCAD simulations. It is important to note that this mode-
ling approach is applicable only when the SET current
pulse has a plateau region.

Kleinosowski et al. [35] also proposed the use of two
current sources to model the SET effects, as illustrated in
Figure 12. However, unlike the solution in [34], where the
current sources are connected in parallel between the target
node and ground, in [35] one current source is connected
between drain and bulk and the other between bulk and
source. The direction of the current flow is determined
according to the type of target transistor. Both current sour-
ces are also described by the standard double exponential
model. However, the amplitudes of the current are chosen
to be proportional to the drain/source resistances. In that
way the model takes into account the differences in the
drain and source resistances. Usually, the current from the
drain is larger than the current from the source, because of
the positive drain voltage which creates a larger electric
field that pulls electrons towards the drain terminal.
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Figure 11. Model proposed by Black et al. [34]
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V1. MODELS BASED ON PIECEWISE
INTERPOLATION

The piecewise approximation method is used to rep-
resent a realistic SET current pulse with a number of
segments which can be described by simple mathematical
relations. Then, the current pulse expressed by the
piecewise approximation relations is applied in SPICE
simulations as a compact model connected between the
target node and ground connection.

Basically, the most common approach is based on the
piecewise linear (PWL) approximation, where the SET
current pulse obtained from TCAD simulations or irradiat-
ion experiments is represented by a number of linear
segments. The PWL models are very suitable not only for
application in SPICE simulations but also for logic simu-
lation with high level hardware description languages such
as VHDL and Verilog. The fundamental PWL models
utilize at least 3 linear segments to approximate the SET
current [36]. A 3-segment PWL model applied to a double-
exponential current pulse is shown in Figure 13.

PWL pulse

double exponential
pulse

Figure 13. PWL current model

An alternative approach, based on the piecewise
quadratic approximation (PWQ) has been proposed by
Dharchoudhury et al. [37]. In this case, the SET current
waveform obtained from TCAD simulations is represented
by a number of segments defined by a second order poly-
nomial. The main advantage of PWQ method over PWL
method is that it requires smaller number of segments to
represent realistically the SET current pulse.

While both PWL and PWQ models can accurately
represent the characteristics of real SET current pulse, they
are inherently not scalable to bias conditions, LET values,
or device sizes [26]. This implies that TCAD simulations or
experimental calibrations should be performed for each
new device under test or new technology in order to define
the parameters of the interpolation functions.

VIl. MODELS BASED ON LOOK-UP TABLE

The concept of modeling the SET-induced current
with a look-up table (LUT) has been proposed as a very
promising approach encompassing the accuracy of TCAD
simulations and the speed of circuit simulations [38, 39].
Basically, the idea of the LUT-based SET modeling is to

extract the SET current waveforms for different design and
operating set-tings from TCAD simulations or irradiation
experiments, and store the obtained data in the LUT. Then,
the circuit simulators can construct the SET pulses by
reading the data stored in the LUT.

In [38], a two-dimensional LUT is constructed by
expressing the SET current values in terms of the node
voltage and collected charge. The LUT readout is perfor-
med with a custom-developed SPICE model. The solution
proposed in [39] employs Verilog-A to construct a LUT
containing the SET current values in terms of the supply
voltage and time. The LUT is then coupled to the SPICE
simulator as depicted in Figure 14. While the LUT-based
models provide benefits in accuracy and speed, their
limitations are that a large LUT is required to cover a wide
range of design and operating conditions, and TCAD or
experimental calibration is required for each device.
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Figure 14. LUT model implemented in Verilog-A [39]
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VIIl. MODELS BASED ON SWITCH AND RESISTOR

Makihara et al. [40] have proposed a new SET simula-
tion technique based a switch and a series resistor instead
of the current source. This concept does not reproduce
directly the SET current pulse, but rather the SET voltage
pulse. The on-time of the switch defines the duration of the
SET voltage pulse, while the resistance defines the pulse
amplitude. A typical implementation of this SET modeling
concept is depicted in Figure 15.
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Figure 15: Model proposed by Makihara et al. [40]



The setup in Figure 15 is used to simulate the 1-to-0
SET voltage pulse. For simulation of 0-to-1 SET voltage
pulse, the switch and resistor should be connected between
the target node and the supply rail. This approach can
reproduce the SET response for both lower and higher
LETs, and the results are in good agreement with TCAD
simulations [40]. To apply the model in SPICE simulations,
it is necessary to calibrate the resistance and the on-time of
the switch using the reference data obtained from TCAD
simulations. Ref. [12] has proposed a modified approach
based on a variable resistance instead of a fixed one, thus
allowing more accurate reproduction of the SET response.

IX. COMPARATIVE ANALYSIS OF SET MODELING
AND SIMULATION APPROACHES

Each of the analyzed SET modeling and simulation
approaches has both advantages and disadvantages, which
should be considered in practical applications. The major
advantages and disadvantages of analyzed methodologies
are outlined in Table I.

TABLE |
COMPARISON OF SET CURRENT MODELS

Model type Advantages Disadvantages

Models based on
single voltage-
independent
current sources

Represented by
simple relations

Not very accurate
because the dependence
between induced current

Can be easily and node voltage is not

implemented in

h h considered
SPICE simulations
Models based on | Reproduce realistic Not easy for
voltage- SET effects implementation
dependent

Extensive calibrations
are required

Accuracy close to
TCAD simulations

current sources

Models based on | Can be easily Circuit or device
multiple implemented in simulation are required
independent SPICE simulations for calibrating the model

current sources
Accuracy close to

TCAD simulations

Device simulations are
required for calibrating
the model

Models based on
piecewise
interpolation

Can be easily
implemented in
SPICE simulations

More accurate than
independent models

Models based on
look-up table

Can be easily
implemented in
SPICE simulations

More accurate than
independent and
PWL models

Device simulations or
experiments are required
for calibrating the model

Models based on
switch and
resistor

Can be easily
implemented in
SPICE simulations

Accuracy close to
TCAD simulations

Device simulations are
required for calibrating
the model

From previous discussion it can be seen that the most
accurate representation of the SET effects can be obtained
with the models which can reproduce the dependence bet-
ween the SET current pulse and the resulting SET voltage
pulse. However, implementation of the voltage-dependent
models in SPICE simulations is still not optimal because
extensive calibrations are required. Therefore, the SET
current models based on independent current source are
still widely used, while a lot of effort is put into the
development of accurate voltage-dependent SET models
which can be easily applied in simulations.

X. CONCLUSION

The circuit-level modeling and simulation of SET
effects is essential for understanding the operation of the
circuits under radiation exposure, and accordingly for the
design of appropriate techniques for mitigating the SET
effects. This paper reviews the common methodologies for
modeling and simulation of SET effects on the circuit level.
For each approach, the most important implementation
details and the key advantages and disadvantages have
been outlined. The presented comparative analysis provides
useful guidelines for the selection of appropriate modeling
and simulation methodology for a particular application.
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